Abstract High-quality mass spectral libraries have become crucial in mass spectrometry-based metabolomics. Here, we investigate a workflow to generate accurate mass discrete and composite spectral libraries for metabolite identification and for SWATH mass spectrometry data processing. Discrete collision energy (5-100 eV) accurate mass spectra were collected for 532 metabolites from the human metabolome database (HMDB) by flow injection analysis and compiled into composite spectra over a large collision energy range (e.g., 10-70 eV). Full scan response factors were also calculated. Software tools based on accurate mass and predictive fragmentation were specially developed and found to be essential for construction and quality control of the spectral library. First, elemental compositions constrained by the elemental composition of the precursor ion were calculated for all fragments. Secondly, all possible fragments were generated from the compound structure and were filtered based on their elemental compositions. From the discrete spectra, it was possible to analyze the specific fragment form at each collision energy and it was found that a relatively large collision energy range (10-70 eV) gives informative MS/MS spectra for library searches. From the composite spectra, it was possible to characterize specific neutral losses as radical losses using in silico fragmentation. Radical losses (generating radical cations) were found to be more prominent than expected. From 532 metabolites, 489 provided a signal in positive mode [M+H] + and 483 in negative mode [M-H] − . MS/MS spectra were obtained for 399 compounds in positive mode and for 462 in negative mode; 329 metabolites generated suitable spectra in both modes. Using the spectral library, LC retention time, response factors to analyze data-independent LC-SWATH-MS data allowed the identification of 39 (positive mode) and 72 (negative mode) metabolites in a plasma pool sample (total 92 metabolites) where 81 previously were reported in HMDB to be found in plasma.
Introduction
Metabolomics ideally requires the analysis of all metabolites in a variety of body fluids for a large number of samples so that the statistical power is high and valid conclusions can be made about differences among sample groups. Although the most recent release of the human metabolome database (HMDB, version 4.0) [1] contains 113,872 metabolite entries including both water-and lipid-soluble metabolites, covering various classes of compounds, all analytical techniques have limitations which require compromises such as compound coverage, analyte concentration dynamic range, ease of sample preparation, and analysis time. Along with other techniques, tandem mass spectrometry combined with ultra high-performance liquid chromatography [2] (UHPLC-MS/ MS) is widely used for both qualitative and quantitative analyses of metabolites. However, a number of considerations in both stages, for example, hydrophobicity, pKa, MS response, concentration dynamic range, sample volume, and analytical throughput as well as assay precision and accuracy, limit the number of analytes which can be covered simultaneously. Precise identification and accurate quantification of metabolites in various systems (e.g., human body fluids, cells, food, plants) has become essential to transform analytical data into biological knowledge. This can only be achieved with the use of high-quality annotated metabolite databases including MS1, MS/MS, retention times, response factors, and additional metadata based on high-resolution mass spectrometry [3, 4] . In silico fragmentation tools are becoming more popular to be used for MS/MS spectrum annotation or for compound identification based on compound database search [5] . LC-MS/ MS high-resolution libraries including retention information are used in the field of forensic and environmental sciences [6, 7] . High-resolution mass spectrometry is also widely applied in metabolomics studies often using data-dependent acquisition (DDA) where molecular ions detected in an MS survey scan are automatically targeted for subsequent acquisition of product ions scan. The survey scan provides accurate mass and isotopic distributions, allowing elemental formula to be determined and it is used for quantification while the MS/MS scan is only used for identification. DDA is a powerful technique but suffers from several critical limitations, in particular the selection process is stochastic and therefore not reproducible across samples; also quantitation from precursor ions is less specific than using fragment ions and results in lower signal-to-noise ratios.
Consequently, data-independent acquisition (DIA) schemes, such as MS ALL or SWATH, have attracted attention. Sequential windowed acquisition of all theoretical MS (SWATH) has emerged as a key technique for peptide quantification since it is non-stochastic and allows post-acquisition SRM-like quantification for almost any analyte previously identified [8] . While SWATH/MS has been mostly used for proteomics, these features are valuable for metabolomics, metabolism, and forensic studies [9] [10] [11] [12] and provide qualitative and quantitative analysis in the same run (QUAL/QUAN workflow).
As authentic standards are only available for relatively few metabolites, metabolite identification is a major challenge in metabolomics and various approaches have been described including database searches [13] and MS/MS spectral interpretation [4, 14] . In contrast to the ionization techniques used in LC-MS/MS, electron impact (EI) spectra generation is well standardized and comprehensive and spectral libraries have been generated for use in GC-MS and applied to metabolite identification [15] . For LC-MS, various web-based libraries are available (such as Metlin, MassBank, HMDB, and LipidMaps [13] ) but collision-induced dissociation (CID) spectra can be generated with various techniques and conditions, including trap CID, quadrupole CID, and high collision dissociation (HCD), which can challenge database searches [16] . Library building, especially by DDA, is further confounded by degradation of standard compounds and/or impurities, unexpected and unpredictable molecular ions, different adducts (e.g., [M+H] + vs.
[M+Na] + ), and co-selection of background contaminant ions, and therefore, it can be time consuming and error-prone. Since spectral libraries are also required for all targeted quantitation methods, e.g., SWATH and SRM, the timely generation of high-quality spectral libraries, complete with collision energy information and retention times for different separation techniques in particular for liquid chromatography [17] , has become critical.
In the present work, we describe the generation of a discrete and composite collision energy accurate mass spectral library of 532 metabolites, reported in the human metabolome database, using flow injection analysis complemented with retention time information. In addition, electrospray response factors were also determined and frequency of neutral loss and radical fragmentation in the set of analytes is reported. The applicability of the library to identify plasma metabolites by LC-MS/MS using SWATH data-independent acquisition has been investigated.
Material and methods

Chemicals and solvents
Water (Millipore), methanol, acetonitrile, and isopropanol (all HPLC grade) were provided by VWR (Darmstadt, Germany); formic acid, ammonium hydroxide, ammonium formate, and ammonium acetate were provided by Sigma-Aldrich (Buchs, Switzerland).
The 532 library compounds were obtained from the Human Metabolome Database (HMDB) and/or purchased from Sigma-Aldrich as powder or liquids (see Electronic Supplementary Material (ESM) Tables S1 and S2). Stock concentrations were made by dissolving the analytes in mixtures of water, methanol, acetonitrile, ethanol, isopropanol, or acetone to obtain a final concentration in the range 0.5-1 mg/ml. Working solutions of individual standards were prepared at 10 μg/ml in the same solvent as the stock solutions with further dilutions in steps of 10. A standard sample set composed of 52 metabolites was used as a quality control mix (ESM Table S3 ). The solutions were prepared taking into account the response factors of the different analytes.
Plasma samples
Plasma samples were obtained from the University Hospital of Geneva with 15 U/ml heparin and stored at about − 20°C. A plasma pool was thawed on ice and aliquots of 200 μl plasma were taken and 600 μl methanol added followed by centrifugation, evaporation to dryness, reconstitution at gradient initial conditions, and sonication. Plasma pool samples were diluted 10× with mobile phase at the gradient starting conditions.
Internal standards were added before analysis with a final concentration of 1 μg/ml for tryptophane-15 N2, 100 ng/ml for benzamide-15 N (Cambridge Isotope Laboratories, Andover MA, United States) and 1 μg/ml for phenylalanine- 13 C, estrone-13 C 3 , and myristic acid-13 C for ESI negative only and 10 ng/ml for testosterone-13 C 3 for ESI positive only (all provided by Sigma-Aldrich, Buchs, Switzerland, except as noted).
Flow injection analysis for generation of spectral library entries
For flow injection analysis (FIA), a μLC10AD pump (Shimadzu, Japan) was connected to a PAL autosampler (CTC, Switzerland). The mobile phases for analysis were as follows. Positive mode: solvent A: 5 mM ammonium formate in water, adjusted to pH = 3.0 with formic acid; negative mode: solvent B: 5 mM ammonium acetate in water, adjusted to pH = 8.0 with ammonium hydroxide for ESI negative mode.
The flow rate was 200 μl/min with an injection volume of 200 μl for TOF MS and 500 μl for TOF MS/MS acquisitions operating Q1 at unit mass. A TripleTOF 5600 mass spectrometer (AB Sciex, Concord ON, Canada) was used for MS detection. TOF MS and TOF MS/MS spectra for the library compounds were acquired with 16 collision energy steps (5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 70, 80, 90 , and 100 eV) and an accumulation time of 100 msec for each step. In MS/MS mode, the transmission was set to 100%. Possible saturation of the MS/MS signal was monitored for all analytes by measuring the mass error over all fragments in the composite spectra and was not found to be problematic. The sprayer capillary and DP voltages were 5300 and 70 V in positive mode and − 4300 and − 80 V in negative mode. The source temperature was set at 300°C, the curtain gas was 25, and gas 1 and gas 2 were 30. Batches for MS and MS/MS data collection were created either manually using the standard acquisition software (Analyst TF 1.6 or 1.7.1) or with an in-house software tool named MS/MS Batch Builder. Batch Builder generates files necessary to automate acquisition; the user selects the precursor type (e.g., [M+H] + , [M+ Na] + , [M+NH4] + ) and provides a list of elemental compositions from which acquisition methods for multiple compounds and multiple collision energies are built. Additional analyte information (e.g., name, formula, CAS, CID) can also be added. The process and output format are illustrated in the ESM Fig. S1 .
LC-MS for quality control and plasma analyses
Chromatographic separation was achieved on an UltiMate 3000 RSLC (Dionex, Germering, Germany) using a 2.1 × 150-mm, 2.5-μm T3 Xselect column HSS XP (Waters) at a flow rate of 300 μl/min with the column heated at 40°C. Mobile phases for ESI positive were solvent A: 5 mM ammonium formate in water, adjusted to pH = 3.0 with formic acid; solvent B: methanol. The solvents for ESI negative mode were solvent C: 5 mM ammonium acetate in water, adjusted to pH = 8.0 with ammonium hydroxide and solvent D: methanol. The gradient used in for QC mix and plasma samples was 1% B (1 min), 5-95% B (20 min), 100% B (3 min), 1% B (4 min). The injection volume for plasma samples was 1-10 μl. Mass spectrometric detection was performed for plasma samples on a TripleTOF 5600 and on a TripleTOF 6600 for the quality control mix (QC mix). For SWATH acquisition, a single TOF MS scan was followed by 12 MS/MS experiments with variable Q1 windows with a mass range from m/z 80 to 800 for positive mode QC mix and from m/z 50 to 990 for positive mode and m/z 60 to 990 for negative mode for the pooled plasma (ESM Table S4 ). The variable Q1 windows were built with an in-house developed software tool (swathTUNER) [18] . The cycle time was adjusted to 831 ms based on an average LC peak width of 12 s to obtain at least 12 points/ peak. A collision energy spread of 40 ± 30 eV was applied. The sprayer capillary voltage was of 5300 V, − 4300 V with a DP of ± 70 V and a source temperature of 450°C for positive and negative modes. The curtain gas was set at 25 and the gas 1 and gas 2 at 40. PeakView 2.2 with the MasterView 1.1 package (Sciex) was used for data evaluation and library search of QC mix and plasma samples. The MasterView search criteria were set as follows: XIC intensities above 100 counts or S:N > 10, XIC width 10 mmu, with the following library search parameters: confirmation search, precursor mass tolerance of 0.4 Da (smaller tolerance could also be used), a fragment mass accuracy of 5 ppm, polarity filter was applied, an intensity threshold of 1%, a minimal purity of 0.1% and an intensity factor of 100.
Database creation and curation
Acquired TOF product ion spectra were background subtracted, recalibrated using the residual precursor (assumed to be the closest significant peak within the precursor selection window) as a reference and stored in a spectral library (MS Access format) with data acquisition parameters and compound information including structures.
A prototype tool, BPopulate Compound Library,^was used to assess the completeness and quality of the MS/MS spectra. This tool allows review and management of spectral library entries and annotates accurate mass fragments and neutral losses using the compound structure as a reference and enables an iterative process for library construction where lowquality spectra are identified and flagged for further consideration. Furthermore, the tool provides statistics about the overall library quality such as the total number of fragment ions and the fraction and the percentage of the summed ion intensity successfully annotated.
The first step in the process is assigning elemental compositions to the observed fragment ions using the formula of the precursor and adduct species such as H, Na, or K to constrain the atoms considered and a narrow m/z window (e.g., 3 mDa). If the summed intensity of the annotated peaks is less than a given portion (e.g., 90%) of the overall sum, the spectrum is flagged and examined manually to determine the cause:
An incorrect peak was used as a reference for recalibration; this can be identified by a consistent, large error for several peaks and corrected by recalibrating using the correct precursor.
ii)
The signal and hence the mass accuracy were low; in this case the sample is re-analyzed at a higher concentration.
If the intensity of the assigned peaks remains below 90% after these steps, the spectrum is rejected from the library since either the standard has decomposed or the response is poor.
The second step is to determine if plausible structures can be assigned to the annotated ions. The tool uses a brute-force approach to generate all possible fragments of the target structure; the parameters are user-selectable, but generally allow up to three single or aromatic bonds, including C-C bonds, to be broken, and the resulting fragment to be even-or odd-electron, i.e., radicals are allowed. Rearrangement ions are not permitted since these are hard to predict. This approach was (or has been) implemented in the Fragment Pane (ESM Fig. S2 ). Predicted fragments matching elemental compositions determined in the first step are scored according to mass error, the number and type of bond cleavages, H-atom transfers required and electron parity; those with the highest scores are retained for neutral loss and radical loss analyses.
Results and discussion
In metabolomics, with a growing number of compounds of interest, the use of libraries is essential for compound identification and to build quantitative methods for multi-analyte analyses. Most of the available public libraries are built from discrete collision energy data or from collision energy range data and from different instruments with limited information on data quality. A workflow (Fig. 1 ) was developed to collect MS and MS/MS spectra over a large collision energy range (5-100 eV) for 532 metabolites reported by the HMDB database; the curated collection is reported as the Accurate Mass Metabolite Library (AMML).
Flow injection analysis (FIA) was used to obtain MS response factors (Fig. 1B) and to record 16 discrete MS/MS experiments in the range 10 to 100 eV (Fig. 1C) ; average spectra were extracted from the plateau of the FIA trace. FIA acquisition was selected to allow consistent ionization conditions and sufficient time to generate MS/MS spectra at multiple collision energies, and because a generic LC system is impossible given the large chemical space of the analytes. Saturation of the MS/MS fragment signals was not observed for the compounds investigated.
From 532 metabolites (ESM Table S2 . MS/MS spectra were obtained for 399 compounds in positive mode and for 462 in negative mode; 329 metabolites generated usable spectra in both modes.
In electrospray-MS, the response is analyte dependent for given solvent conditions. In the present work, normalized FIA conditions were considered to obtain information about the response factor of the analyte useful for relative quantification. Figure 2 summarizes the MS response in positive and negative mode for (i) amino acids, peptides, and analogues; (ii) steroids and derivatives (lipids); (iii) benzoic acids and derivatives; (iv) organoheterocyclic compounds; (v) carbohydrates and conjugates; and (vi) nucleosides, nucleotides, and analogues (additional data in ESM Fig. S3 ). Beside the expected large response dynamic range, that has exceeded five orders of magnitude, adducts, such as ammonium and sodium in positive mode and formic acid and chlorine in negative mode, were observed. For some compound classes, e.g., carbohydrates and conjugates), the median adduct response exceeded that from the simple precursor (
. Adducts formation is a critical point as the protonated or deprotonated molecule may not be observable and as the adduct ratio may change from sample to sample. While ammonium adducts generate good-quality CID spectra, sodium adducts do not fragment well. Despite the soft declustering conditions used, many metabolites also showed losses of water which may generate false-positive library hits. In CID, water loss is frequently observed from many metabolites and chemicals [19] .
Database generation and quality control of the library
The fragment ions observed in collision induced dissociation are strongly dependent on the specific instrument and collision energy settings [20] . Many libraries are built either with a few discrete collision energy such as 10, 20, and 40 eV [21] or multi-collision energies (10 to 20 steps) [22] serving as a base for the generation of consensus spectra. Since AMML is also intended to assist in developing low-or high-resolution SRM acquisition methods, storing spectra acquired at discrete collision energies provides optimum precursor-product ion pairs and the corresponding collision energy.
For all metabolites present in the AMML library, a plot of the number of novel MS/MS fragments for a given collision energy relative to the previous collision energy is shown in Fig. 3 for the range 10 to 100 eV in positive and negative modes. In positive mode, novel fragment production maximizes around 25 eV and again around 70 eV. The lower maximum corresponds to neutral losses (e.g., water, ammonia) and single bond cleavages while the maximum at higher energy involves multiple bonds and ring cleavages. Higher energy fragments are often less intense and generally of lower m/z but can still be informative. In negative mode a maximum was found at − 20 eV. Therefore, composite spectra using the ranges 10-70 or 20-80 eV will provide the most useful information. With unit mass precursor isolation and possible interfering ions, even in pure standards, quality control of MS/MS spectra is essential and several different approaches have been described including spectra annotation based on elemental formula [7, 23] . Analyte purity and stability is always a concern when building reference libraries independent of the source of material. Authenticity was confirmed on both MS and MS/MS data using elemental composition and fragment annotation. For MS/MS acquisition, the analyte concentration was adapted in such a way that more than 90% of the fragment signal could be associated with the analyte measured.
Mass spectra annotation is performed in two steps: first, similar to Stein et al. [23] elemental compositions are calculated using the compound's formula to define maxima for each element and a narrow error range; precursor ions where no composition can be found are tracked and spectra with unassigned fragments exceeding a given limit are reviewed, curated, or rejected. Recalibration of the MS/MS spectra is essential for providing the most accurate fragment m/z values and is easily performed as the residual precursor ion is always present in the composite spectra. To automate processing, the closest ion within the selected precursor window is assumed to be the correct precursor and used as the recalibration standard. This however, can result in fragment mass errors if the assumption made is incorrect. To detect this possibility, we compare the elemental formula assigned to each fragment based on the expected compound elemental composition [24] to in silico fragment structures generated from the structure of the precursor metabolite (ESM Fig. S2) .
Overall, considering MS/MS fragments having relative intensity above 2% and using a mass tolerance of 3 mDa, 4821
Compounds Solubilization
Library of Compounds
Flow Injection Analysis
(Solvent, pH) (80% aq. MeOH) In positive mode, the number of MS/ MS spectra with 100% annotation is 345 and in negative mode 432. After removing spectra where less than 90% of the TIC could be annotated, the final library represented 532 compounds. While these filtering criteria may appear very stringent, this was deemed an important feature of the library in order to reduce the likelihood of false-positive matches and incorrect targeting (ESM Table S5 ). A standard sample set composed of 52 metabolites (QC mix) selected from those identified in urine and plasma was generated and used for library quality control using a different instrument than that for library generation (TripleTOF 5600 versus TripleTOF 6600, ESM Table S3 ). A representative chromatogram is presented in ESM Fig. S5 showing 18 analytes eluting in a 0.3-min window. All 52 metabolites could be positively identified based on mass accuracy of the precursor ion and library hit (median score 0.98 with MasterView candidate search), (ESM Table S3 ). Representative full scan and SWATH/MS spectra are presented in ESM Figs. S6 to S9. For histidine (ESM Fig. S6 ) two additional fragments were recorded at 130.0862 and 147.1123. Various spectra filtering procedure could be considered, but just using elemental formula filtering these two ions can be clearly eliminated. In the present experiment, calculated theoretical isotopes were added to the AMML library spectra [7] . This is particularly useful for confirmation of analytes containing Br and Cl as they showed a specific isotopic profile as presented for clotrimazole (ESM Fig. S8) .
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FIA was used to provide sufficient time to generate highquality MS/MS data and to normalize the response factor, but retention time information can help metabolite identification, especially as many analyses are performed by LC-MS and isomers and isobaric compounds are likely. This is especially true if library data are to be used to target compounds in data acquired using SWATH since the wide precursor ion selection windows almost guarantee co-selection of multiple precursor ions. Due to the large chemical space of the metabolome, and as an alternative to using different column types, we performed LC characterization using a standard reversed phase column operated at two different pH values (3 and 8) , with detection in positive and negative modes, respectively. It should be noted that including this information in MS/MS
Steroids and derivates (Lipids)
Organoheterocyclic compounds Nucleosides, nucleotides and analogues n=70 n=66 n=20 n=68 n=18 n=28 n=35 n=35 n=13 n=36 n=7 n=13 n=33 n=33 n=32 n=25 n=20 n=20
Amino acids, peptides and analogues
Carbohydrates and conjugates Benzoic acids and derivates n=15 n=15 n=3 n=23 n=3 n=25 n=26 n=25 n=49 n=36 n=38 n=0 n=83 n=83 n=15 n=82 n=6 n=18 libraries, and performing appropriate data acquisition and spectrum matching, would increase the confidence of metabolite identification if the compound is detected in both modes. We were able to determine LC retention times for 339 compounds in positive mode, 410 in negative and 264 in both modes. Furthermore, some isomers co-eluted under one set of conditions but were separated under the other. For example, adenosine and deoxyguanoine eluted at 3.6 min at pH = 3 but appeared at 4.8 and 3.7 min, respectively, at pH = 8; the opposite behavior was observed for their monophosphates which eluted together at 1.4 min at pH = 8 but at 1.4 and 2.4 min at pH = 3 (ESM Table S2 ). In addition, the application of predicted LC retention time to support metabolite identification was evaluated for the AMML MS/MS database and was reported elsewhere [25] . The generation of composite MS/MS spectral library enabled us to perform fragment data analysis. Collision induced fragmentation of even electron ions commonly involves the loss of neutral fragments [19, 26] . Table 1 illustrates the 15 most common neutral losses (frequency) in positive and negative modes from precursors and fragments; water is the most frequent loss for positive and negative modes. Interestingly, 9 out 15 losses are common in both modes. 176 and 93 analytes showed direct H 2 O loss from the precursor in positive and negative mode respectively, while 63 and 25 showed direct NH 3 loss from the precursor in positive and negative mode, respectively. Therefore, in-source fragmentation is a critical factor to consider for identification of the true precursor ion mass. The annotation of MS1 adducts is therefore essential to unambiguously annotate the right [M+H] + precursor [27] . The generation of radical cation fragments has been reported [26] but is not always taken into account when using in silico fragmentation. Table 2 illustrates the most common radical losses from the precursor and the fragments observed with the AMML library. Also, 9 radical losses were in common in positive and negative modes. The frequency is certainly lower compared to that of neutral losses but it is still significant and should be further investigated as they could be classdependent and generate informative fragments.
Intensity (cps) [M+H]+ [M+Na]+ [M+NH4]+ [M-H] -[M+Cl] -[M+FA-H] -[M+H]+ [M+Na]+ [M+NH4]+ [M-H] -[M+Cl] -[M+FA-H] -[M+H]+ [M+Na]+ [M+NH4]+ [M-H] -[M+Cl] -[M+FA-H] -[M+H]+ [M+Na]+ [M+NH4]+ [M-H] -
The importance of MS/MS libraries for qualitative analysis is well-known, but recent developments suggest to replace spectral libraries by molecular structure databases [28] . Less well appreciated is their value for constructing targeted quantitation methods. Broadly, there are two types of targeted method: those, such as SRM, where the acquisition method targets selected compounds, and others where a more generic acquisition method is used and the data processing is targeted, for example, SWATH. In both cases precursor and product ion m/z values and expected retention times are required for the compounds of interest. MRM has great sensitivity but the number of compounds that can be monitored is limited and monitoring additional compounds requires developing a new method and re-acquiring the data, if the sample is still available. Because SWATH systematically collects all fragment ion data for all ions created from a sample, the number of target compounds is large (essentially unlimited) and more can be added simply by reprocessing the acquired data later.
Analysis of pooled human plasma samples by LC-SWATH/MS and metabolite identification
Several studies have been performed to characterize serum or plasma metabolites. Simon-Manso et al. [29] performed a qualitative metabolic profiling of a standard reference material for human plasma (SRM 1950) using GC-MS, LC-MS, and NMR. A total of 322 compounds were identified using four different LC-MS/MS platforms in positive ion mode. It includes 12 out of 20 amino acids; 84 carboxylic acids including 14 heavy fatty acids, 10 phospholipids, and 25 hormones and steroids; several dipeptides and tripeptides; and a variety of other small molecules. Most MS/MS were recorded in data-dependent mode, using survey scans from 50 to 1750 Da followed by MS/MS scans of the four most intense peaks, with a tolerance of 1.3 m/z. Boudah et al. [30] evaluated the relevance and versatility of liquid chromatography coupled to high-resolution mass spectrometry (LC-HRMS) for performing a qualitative and comprehensive study of the human serum metabolome considering 657 representative metabolite standards. The LC-MS analyses were based on a reversed phase (RP), hydrophilic i n t e r a c t i o n c h r o m a t o g r a p h y ( H I L I C ) a n d a pentafluorophenylpropyl (PFPP) stationary phase, with detection in both positive and negative electrospray modes. As a result, they reported the formal or putative identification of 266 metabolites. In the present work, a pooled plasma sample was analyzed with the use of LC-MS/SWATH acquisition with large Q1 windows and processed with the MasterView software using the AMML library as the reference.
The MasterView software uses a list of reference masses to generate chromatograms and finds peaks in the chromatograms and, if any match the expected retention time, the peak area is recorded. If data acquisition included MS/MS, a spectrum obtained at the matching retention time is compared to the library spectrum and the score is used to confirm or reject the compound match. For SWATH data, the chromatograms are extracted from the window containing the expected precursor m/z and the MS/MS spectrum is obtained by background subtraction around the measured retention time in the specific SWATH window. Because of the stringent library curation, fragment masses are known accurately so narrow tolerances are used for spectral library matching. Furthermore, knowledge of the expected retention time allows the time range for chromatogram extraction to be constrained which reduces the time needed for processing and improves the peak picking selectivity. Using this approach, a total of 92 metabolites from the library were detected by LC-MS ( Fig. 4 and ESM Table S6 ) in either positive mode with pH = 3 (39 metabolites) or negative mode at pH = 8 (72 metabolites). The use of MS response factors to confirm identification was found also to be important. Out of the 92 metabolites detected, 81 of these metabolites were reported in the HMDB database to have been detected in human plasma. As the focus of the present work was on the investigation, construction, and use of MS/MS libraries for SWATH acquisition and was not a systematic investigation of human plasma metabolites, comparison with published work is beyond the scope. In some cases, the product ion spectra were not very informative calling for alternative fragmentation processes to enhance identification. One of the key features of data-independent acquisition, such as SWATH, is that data can be reprocessed at any time, in particular when expanding the MS/MS library. The library (discrete or composite) is also useful to perform quantitative analysis at the MS/MS level (HR-SRM).
Conclusions
Regardless of the intended use of an MS library, the quality of the MS/MS spectra is important, in particular, that the spectra are pure, i.e., that there are no fragments from other compounds, since these may lead to false positive identifications or incorrect targeting. Even when narrow precursor windows are used for acquisition, impurities or background masses may be co-selected and fragmented generating spurious peaks. Information content is another consideration-a larger number of peaks will generally result in a more specific search. In Table S6 ) the workflow described here, MS/MS spectra were acquired in flow injection mode at 16 different collision energy values which allows composite spectra appropriate for the acquisition to be constructed; this also provides information for optimizing SRM experiments. In addition, the confidence in weak fragments is increased if they are observed in several spectra obtained at adjacent CE values. A set of tools were developed to automatically check fragment ions based on the structure of the standard, reject those that cannot be explained, and reject spectra where less than 90% of the summed ion intensity can be annotated. Confidently assigning elemental compositions also allows the isotope pattern of the fragments to be assigned. This is valuable in SWATH acquisition since the wide windows allow entire isotope clusters to be selected for fragmentation, generating product ions with isotope patterns that can be compared to the theoretical values. Including isotopic information enhances the score and may help differentiate isobaric interferences and improve halogen recognition. As mentioned before, retention time information is useful for supporting identification and determining isomers, but essential for targeted assays such as SRM and SWATH. In the approach described here, a single column is used but the pH is changed for positive (pH = 3) and negative (pH = 8) mode acquisition. While simple, this has valuable benefits, for example, some isomers are only separated under one set of conditions and the different chromatographic behavior can provide additional confirmation of compounds that are detected in both modes. The AMML library includes 532 metabolites, 489 metabolites provided a signal in positive mode [M+H] + and 483 in negative mode [M-H] − . MS/MS spectra were obtained for 399 compounds in positive mode and for 462 in negative mode; 329 metabolites generated usable spectra in both modes. LC retention times were measured for 339 metabolites in positive mode at pH = 3 and 410 metabolites in negative mode at pH = 8. Using our library, the analysis by LC-SWATH/MS allowed the identification of 39 (positive mode) and 72 (negative mode) metabolites in a plasma sample (total 92). As the library is expanded with additional compounds, the SWATH experimental data can be reprocessed without the need of reacquisition.
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